The nematode Caenorhabditis elegans is attracted by at least four classes of attractants: by cyclic nucleotides, cAMP and cGMP; by anions, Cl-, Br-, 1; by cations, Na+, Li+, K+, Mg+; and by alkaline pH values.
The study of behavioral mutants of an animal can lead to correlation of the behavioral alterations with underlying alterations in anatomy, physiology, or biochemistry (1) . These correlations will help identify the neural circuity mediating the behavior and may reveal molecular mechanisms by which these nerves operate. If the behavioral mutants are due to single gene defects, their interpretation may eventually indicate how individual genes can act to specify patterns of behavior.
The nematode, Caenorhabditis elegans, is an excellent organism for such studies. It is easily maintained in the laboratory, and many mutants have been isolated and genetically characterized (S. Brenner, unpublished) . There are less than 300 neurons in the nervous system of the nematode, and extensive work has already been done to determine the detailed anatomy and connections of these cells by reconstruction from serial section electron micrographs (White, Ward, Thomson, and Brenner, unpublished) .
Before selection of mutants with defined behavioral alterations it is necessary to characterize behavioral responses of the wild type. This paper reports experiments that define the chemotaxic behavior of C. elegans. Several attractants have been identified, and the behavioral response to gradients of these attractants has been specified. Comparison of the wild-type behavior with that of some mutants suggests the location of the sensory receptors mediating the responses and defines the mechanism of the orientation response.
METHODS AND MATERIALS
Organism. The nematode used for these studies was C. elegans (var. Bristol). All mutant strains were derived from this parent by ethylmethane sulfonate mutagenesis, and were obtained from the collection of S. Brenner. Methods of mutant isolation and general methods of culture and handling of the nematode will be described elsewhere. * 
RESULTS
The Nematode Is Attracted to cAMP. Fig. 1 shows the rate of accumulation of worms in the center of plates with gradients of cAMP. The worms accumulate in the center until a steadystate end p)oint is reached. This end point is stable for several hours. The rate of accumulation is not dependent on the concentration of attractant in the center, and varies considerably from plate to plate, so it cannot be used as a quantitative measure of attraction. In contrast, Fig. 1 shows that the fraction of worms in the center at the end point is dependent on concentration. It is also reproducible and was, therefore, used to quantitate the strength of an attractant. Fig. 2 shows the end-point response plotted as a function of concentration for cAMP and related nucleotides. The slope of the cAMP response shows that the accumulation assay is sensitive over a 10-fold range of concentration, with a threshold of 0.2 mM. For ten independent assays done over the past 12 months, the mean and standard deviation of the concentration of cAMP that caused 50% of the worms to accumulate was 0.65 i 0.1 mM, indicating that the assay is reproducible to better than 20%. Fig. 3 . A control plate is shown in Fig. 4 . It is obvious from Fig. 3 that the tracks are directed up the gradient, so the worm must orient its body up the gradient. Therefore, the behavioral response is a chemotaxis. This orientation response is very reproducible: 73 of 82 (89%) adult animals tracked showed unambiguous orientation to NH4CL. In addition, first-stage juveniles, dauer larvae, and males all show similar orientation. The adults orient to all four classes of attractants listed in Table 1 and to the amino acids. In addition, they orient and move up gradients of Ca++ ions, although Ca++ does not cause accumulation. FIG. 3 (left) . Tracks of wild-type adults responding to gradients of NH4Cl. 5 pl of 0.5 M NH4Cl was applied to the center of a 8.5-cm petri plate coated with 4 ml of 1.5% agarose. 12 hr later, another 5 ,ul was applied. 3 hr later three worms were placed on the plate at the points marked by dots (at the outer periphery of the tracks). They were allowed to make tracks for 15 min. The actual gradient on the plates extends from 50 mM in the center to 0.05 mM at the edge, and it changes little during the time of tracking .   FIG. 4 (right) . Tracks of wild-type adults in the absence of an attractant. Plates were prepared as for Fig. 4 , but water was applied to the center rather than NH4C1. The threshold concentration for orientation can be estimated roughly by establishing gradients on 12-cm petri plates and placing worms at increasing distances from the center until their initial -tracks are randomly oriented. The approximate threshold of orientation for cAMP is 5 MM and for Na+ or Cl-is 10 /AM.
By tracking worms with a camera lucida and marking equal time intervals on the tracks, the velocity could be calculated from the path length between time markers. It was found that the velocity averaged 0.3 cm/min and decreased markedly in the region of maximum attraction, primarily due to the worm's frequent stopping.
The tracks in Fig. 3 show that the worm turns frequently in the region of maximum attractant concentration. This apparent klinokinesis (6) is not necessarily a distinct response from the taxis because the geometry of a radial gradient ensures that an animal with a taxis response would be continually turning back once he reached the center of the gradient. In order to test whether there was a true klinokinetic response to the concentration of attractant, worms were placed on agar plates with a uniform high concentration (0.1 M) of NH4Cl or NaCH3COO. 12 Worms were tracked on each type of plate and on control plates with no added salt. No striking difference in turning or stopping was observed between the experimental and control plates. Therefore, there is not a klinokinetic response to attractant concentration, and the slowing down in the center of gradients of attractants must be due to a response to the gradient of attractant.
When worms are tracked for longer times than used for Fig.  3 , it was found that after reaching the center of the gradient the worm remains there briefly, then its behavior alters and it swims away from the center. After remaining briefly on the periphery of the plate it returns to the center and repeats the cycle. If (tropotaxis, 6) ; or (iii) successive comparisons in time could be made by side-to-side (actually dorso-ventral) displacement of receptors (klinotaxis, 6). The orientation behavior of several mutants shows that the third mechanism is used by C. elegans to detect the direction of a chemical gradient.
If the first mechanism were involved in the orientation response, then the accuracy of orientation should depend on the worm's forward velocity. But a mutant (E444) that moves slowly because its body muscles degenerate gives tracks identical to the wild type, although these worms take 2 hr to reach the center instead of 15 min for the wild type. In shallower gradients, which test more sensitively for orientation, the slow-moving animals again oriented as well as the wild type. Therefore, the orientation is not affected by the forward velocity of the worm, so the first mechanism of orientation is unlikely.
The nematode could not detect the direction of the gradient by the second mechanism, which uses two receptors placed symmetrically about the long axis, because the animal swims on its side and its only likely anterior chemoreceptors, the amphids, are located laterally (7) . Therefore, these receptors are positioned perpendicular to the plane of motion of the nematode and there would be no gradient of concentration between them. The nematode might detect a gradient by comparisons of concentration between receptors in its head and tail. However, tracking of the mutants E935 and E937, which have blisters on their cuticles, makes this mechanism unlikely. Animals with blisters covering either their head or their tail were selected from the mutant populations and tracked. None of six individuals with headcovering blisters could orient at all; their tracks were similar to those of Fig. 4 . But 6 of 7 tail-blistered individuals oriented normally, as in Fig. 3 . Light microscopic examination of these individuals after tracking revealed that the blisters covered the region of the tail that contains the sensory receptors, the phasmids.
The most decisive observation supporting the third mechanism of orientation is the tracks of a bent-headed mutant, E61 This distinction between orientation and accumulation may be important to understanding the host-finding behavior of parasitic nematodes. Chemical attractants that draw the parasites near the host may be different from those that keep the nematode there and allow host penetration. Some evidence for this distinction is discussed in ref. 8. The alteration of the nematode's behavior after remaining in a region of maximum attractant resembles a classical habituation to repeated stimuli (9) . The' dependence of habituation on concentration provides an explanation of the concentration dependence of the accumulation assay. The fraction of worms accumulating in the center of a plate reflects the.fraction of time that each individual worm spends in the center rather than the fraction of the population that responds to a given concentration. This conclusion has been confirmed by tracking individual worms during the accumulation assay with a camera lucida, and by collecting the worms that are not responding and observing that in a fresh assay they give the same fraction responding as the original population.
The attractioi of C. elegans to cAMP is not surprising since bacteria are its normal food and all bacteria that have been examined thus far synthesize cAMP and release it into the medium (10) . Slime molds are also attracted to bacteria by cAMP (11 The chemosensitivity of other nematodes has been recently reviewed by Croll (7), Green (8) , and Klingler (12) . The attractant that has been most studied is C02, but oxidizing agents, reducing agents, some ions, and some amino acids have also been reported as attractants for various species. The response of C. elegans to specific anions and cations is more sensitive than that described for other nematodes, and a nematode response to basic pH or to cAMP has not been reported before. It is not clear what role the responses to ions play in the nematode's natural environment. The specificity of attraction of C. elegans to cAMP suggests that the conclusion that the host-finding mechanisms of plant parasitic nematodes are entirely nonspecific should be re-examined (7) .
The orientation behavior of the mutants tracked shows that sensory receptors on the head alone mediate the orientation response, and that the length of the head and its motion are critical for orientation. It cannot yet be specified whether the orientation requires comparison of the concentration only at the extremes of head movement, or throughout the swing of the head. In either case the orientation requires successive side-to-side (actually dorso-ventral) comparisons of stimulus intensity and is, therefore, a klinotaxis (6) .
Knowing the chemotaxic behavior of the wild type, it should be possible to select more mutants with defined alterations in this behavior. The fine structure of the receptors in the head that must mediate the chemotaxis is known and the axonal connections of the sensory neurons are presently being worked out (Ward, White, Thomson, and Brenner, unpublished). When these are known, mutants can be compared to the wild type to correlate behavioral and anatomical defects. In this way it may be possible to specify further how the nematode's nervous system transforms the sensory input from the head into its chemotaxic behavior.
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